Introduction
============

Colorectal cancer (CRC) is the fourth most common cancer in men and third most common cancer in women worldwide [@B1]. Although gains remain modest, survival has improved in metastatic CRC during the last two decades, partly as a result of the introduction of newly developed molecularly targeted agents such as bevacizumab, which targets vascular endothelial growth factor (VEGF-A), and cetuximab and panitumumab, which target epithelial growth factor receptor (EGFR) [@B2]-[@B7]. Cetuximab, a human-mouse chimerized anti-EGFR immunoglobulin G1 monoclonal antibody, has been used to treat wild-type KRAS metastatic CRC with an oxaliplatin- or irinotecan-based doublet regimen [@B8]. Recently, the FIRE-3 trial showed that among patients with wild-type KRAS treated in the cetuximab arm, those with left-sided colon cancer (LC) had significantly improved overall survival (OS), progression-free survival (PFS) and response rate (RR) compared to those with right-sided colon cancer (RC).

CRC develops either sporadically (85%), as part of a hereditary cancer syndrome (less than 10%), or against a background of inflammatory bowel disease. It is believed that the adenoma-carcinoma sequence underlies the development of colorectal cancer in most patients, and two distinct pathways have been identified based on microsatellite instability (MSI) and chromosomal instability (CIN) [@B9]-[@B12]. The MSI pathway, which involves failure of the nucleotide mismatch recognition and repair system, is one form of genomic instability [@B13], [@B14]. Deficient mismatch repair occurs in approximately 10-15% of all sporadic CRC [@B15]. Instability in microsatellite sequences in sporadic colorectal cancer exhibiting MSI, often due to the loss of expression of a mismatch repair gene (most commonly MLH1 and MSH2), is caused by epigenetic silencing [@B16]-[@B18]. MSI-H colorectal cancers are known to bear many features that are generally associated with poor prognosis, including deep tumor invasion and poor histologic differentiation. However, patients with MSI-H tumors have longer overall and cancer-specific survival than stage-matched patients with tumors exhibiting CIN, implying that the pronounced genetic instability of tumor cells with MSI may increase susceptibility to apoptosis [@B19], [@B20]. MSI-H colorectal cancers are more commonly located on the right side [@B14], [@B21], [@B22]. Right and left-sided colon cancer is now recognized to have distinct clinical and genomic features. In addition to MSI status, there are many differences in molecular features between LC and RC.

Herein, we evaluated the impact of MSI status and the sidedness of the primary tumor on the effect of cetuximab-containing chemotherapy in patients with metastatic colorectal cancer.

Materials and Methods
=====================

Patients
--------

We analyzed 153 CRC patients who were available for evaluation of MSI status and had been treated with cetuximab-containing chemotherapy at Samsung Medical Center, Seoul, Korea between April 2008 and January 2013. The following clinicopathologic characteristics were collected for all 153 patients: age, gender, primary site, number of metastatic sites, Kirsten-ras (KRAS) mutational status, BRAF mutation status and information on chemotherapy. All patients had pathologically or cytologically proven metastatic or recurrent CRC. The definition of LC was cancer in the descending colon, sigmoid colon, and rectum and RC was defined as cancer in the cecum and ascending colon.

Analysis of MSI
---------------

We used the presence of MSI to assess the loss of function of mismatch repair gene activity. Immunohistochemistry (IHC) and/or Multiplex polymerase chain reaction method was used to evaluate the status of MSI. We conducted IHC analysis of MSH2, MSH6, PMS2, and MLH1 proteins with formalin-fixed paraffin-embedded tumor samples. After the tumor area adjacent to normal mucosa and/or lymphocytic infiltration was marked, 4 mm of paraffinized tissue was removed, and multiple tissue blocks were prepared. Finally, 4-µm thick sections were obtained for IHC following standard protocols. The mouse monoclonal antibodies used were anti-MSH2, anti-MSH6, anti-MLH1, and anti-PMS2 (BD Pharmingen). Tumors showing a proportion of stained nuclei higher than 10% were classified as staining positive; all others were regarded as negative (Figure [1](#F1){ref-type="fig"}).

MSI test was performed by multiplex polymerase chain reaction and analysis with a 3130×1 genetic analyzer. MSI testing of DNA samples was based on five dinucleotide markers (NR27, NR21, BAT26, BAT25, and NR24). Tumors that showed instability in ≥2/5 of markers tested were classified as a high MSI and 1/5 of markers were classified as low MSI. Tumors that showed instability in 0/5 of markers were designated as microsatellite stable (MSS) cancers. Only high MSI cases were considered MSI positive.

Chemotherapy regimens combined with cetuximab
---------------------------------------------

The chemotherapy regimen to be used with cetuximab was determined by the physician. Typical combinations with cetuximab included oxaliplatin plus intravenous or oral 5-fluorouracil (5-FU) (fluorouracil, leucovorin, and oxaliplatin; \[FOLFOX\] or capecitabine plus oxaliplatin \[XELOX\]), and irinotecan plus intravenous or oral 5-fluorouracil (5-FU) (5-fluorouracil, leucovorin, and irinotecan \[FOLFIRI\]) or capecitabine plus irinotecan \[XELIRI\]). As a single partner of bevacizumab, irinotecan alone was preferred. Chemotherapy was generally repeated every two or three weeks, according to protocol. All tumor measurements were assessed after every three or four cycles of chemotherapy, using computed tomography scan and other tests that were used initially in staging of the tumor.

Statistical analyses
--------------------

Descriptive statistics were reported as proportions and medians. Treatment outcomes were response rate (RR) and progression-free survival (PFS). Tumor response was determined according to RECIST ver. 1.0. PFS was defined as the time from the start date of the cetuximab-based chemotherapy to the date of disease progression or death from any cause. PFS was estimated using the Kaplan-Meier method with log-rank analysis. A two-sided p-value of less than 0.05 was considered significant. All analyses were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). The Χ^2^-test or Fisher\'s exact test was used as appropriate to compare categorical variables. Two-sided null hypotheses of no difference were rejected if p-values were less than 0.05, or, equivalently, if the 95% confidence intervals (CIs) of risk point estimates excluded 1. Cox proportional hazards regression modeling was employed in univariate analyses to identify the significant independent prognostic factors of various clinical parameters for survival.

Results
=======

Patient characteristics
-----------------------

Among patients with metastatic CRC who were managed at Samsung Medical Center between June 2013 and March 2016, 153 CRC patients with cetuximab-containing therapy and the information for microsatellite instability were analyzed in this study. None of the patients had received cetuximab-containing therapies during their treatment course. MSI-H was detected in 3.9% of analyzed patients. A summary of patient characteristics according to primary tumor site and MSl status is shown in Table [1](#T1){ref-type="table"}. KRAS mutational status was available in all 153 patients, but BRAF mutational status was only available in 72 patients (47.1%). Characteristics of patients, except the BRAF mutational status, were generally similar between RC and LC. RCs were significantly associated with a BRAF mutation (p=0.023).

In addition, characteristics of patients with an MSS tumor were not different from those with an MSI-H tumor. Among the six MSI-H patients, MSI-H tumors were significantly associated with left-sided colon cancer and cancer with wild-type KRAS. Of the three MSI-H patients with available BRAF mutation status, one had a BRAF mutation.

Treatment efficacy
------------------

For all 153 patients, the most commonly used regimen with cetuximab was irinotecan alone, irrespective of treatment line (Table [2](#T2){ref-type="table"}). Cetuximab alone without cytotoxic chemotherapy was the second most common. Among patients overall, none achieved complete response (CR) and 58 achieved partial response, for a response rate (RR) of 37.9%. Table [3](#T3){ref-type="table"} compares the treatment efficacy of cetuximab-containing regimens in all 153 patients according to MSI status (MSI-H vs. MSS). There was no significant difference in treatment efficacy, including RR and disease control rate (DCR), between the two groups. However, there was no difference in RR but significant difference in DCR according to the sidedness of the primary tumor (LC vs. RC). Median PFS for cetuximab-containing chemotherapy was 5.80 (95% confidence interval \[CI\], 4.80 to 6.79) (Figure [2](#F2){ref-type="fig"}A). No significant difference in PFS was observed between the MSI-H and MSS groups (4.80 months; 95% CI, 0.84 to 8.76 months vs. 5.80 months; 95% CI, 4.85 to 6.75 months; p=0.238) (Figure [2](#F2){ref-type="fig"}B) or LC and RC groups (6.10 months; 95% CI, 5.32 to 6.88 months vs. 4.20 months; 95% CI, 2.44 to 5.96 months; p=0.278) (Figure [2](#F2){ref-type="fig"}C). In a subgroup-analysis of 140 patients with wild-type KRAS, there was no difference in PFS following cetuximab-containing therapy according to MSI status (MSI-H versus vs. MSS) or sidedness of the primary tumor (RC versus, LC) (Figures [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B).

Prognostic analysis
-------------------

Results from the prognostic analysis for cetuximab-containing chemotherapy are shown in Table [4](#T4){ref-type="table"}. A univariate analysis found no evidence of an effect of MSI status on PFS after cetuximab-containing chemotherapy (hazard ratio, 1.111; 95% CI, 0.487 to 2.534; p=0.801). Similarly, there was no evidence indicating that sidedness of the primary tumor (RC vs. LC) was a prognostic factor for PFS (hazard ratio, 1.322; 95% CI, 0.870 to 2.008; p=0.191).

Discussion
==========

The use of next generation sequencing (NGS) for high throughput genomic analysis has accelerated our understanding of the molecular characteristics of CRC [@B23]-[@B26]. Several groups have reported on the molecular classification of CRC using genomic data from NGS; in some cases, these subtypes have provided predictive or prognostic information. Recently, among advances in genomic analysis in CRC, the sidedness of tumors (LC vs. RC) and MSI-H tumors have been highlighted. The present study evaluated the impact of MSI status and sidedness of primary colon cancer on the effect of cetuximab-containing chemotherapy in 153 patients (140 KRAS wild type and 13 KRAS mutation) with metastatic colorectal cancer. PFS following cetuximab-containing therapy was not different according to the location of the primary tumor or MSI status. This finding was only consistent in the 140 patients with wild-type KRAS. Thus, MSI status and the sidedness of primary colon cancer might not be novel biomarkers to assign cetuximab-containing therapy in metastatic CRC.

Colorectal cancer (CRC) has been reconsidered as a heterogeneous disease. Because of the vastly different embryologic development of the left- and right-sided colon, in that the left colon originates from the hindgut and the right colon from the midgut, the luminal contents of the two sides are dissimilar [@B27], [@B28]. Accordingly, cancer of the left and right sides of the colon differs with respect to epidemiology, biology, microenvironment and clinical outcomes [@B27], [@B29]-[@B32]. However, it is unclear whether such differences in the two sides impact the effectiveness of targeted agents in colon cancer, because there is little evidence on the influence of primary tumor location in patients receiving cetuximab- or bevacizumab-containing therapy. Outcomes after cetuximab-containing therapy in left- and right-sided colon cancer have recently been reported. Analysis of the FIRE-3 trial comparing first line FOLFIRI with either cetuximab or bevacizumab showed that among patients with the KRAS wild type in the cetuximab arm, those with LC had significantly better PFS. This finding was validated in another analysis [@B33]. However, the present analysis found that tumor location was not predictive of a PFS benefit from cetuximab-containing therapy in patients with the KRAS wild type. This discrepancy may be due to differences in patient populations. In contrast with the other analyses, we included all patients receiving cetuximab-containing therapy irrespective of treatment-lines (Supplementary Table [1](#SM1){ref-type="supplementary-material"}). Along with KRAS and BRAF, other epigenetic abnormalities, oncogenic alterations such as PIK3CA, NRAS, and other protein kinases may alter the effect of cetuximab [@B31], [@B34]-[@B38]. These comprehensive genetic alterations have not yet been in included in any studies. Such differences might underlie the inconsistent findings between the previous analysis and the present study. On analyzing PFS for patients with KRAS wild type receiving cetuximab-containing therapy as first line, PFS showed more favorable trend in LC rather than RC (LC: 10.9 months (7.13-14.67) vs. RC: 7.10 months (5.99-8.20), consistent to previous studies.

The present study included KRAS mutant patients. Although current guidelines only recommend starting anti-EGFR therapies such as cetuximab or panitumumab in patients with wild-type KRAS, past practice has permitted the use of cetuximab in patients with irinotecan-refractory CRC. In addition to patients with wild-type KRAS, we also analyzed all patients treated with cetuximab-containing therapy. This analysis revealed that tumor location was not predictive of a PFS benefit from cetuximab-containing therapy.

MSI-H colorectal cancers are known to bear many features that are generally associated with poor prognosis, including deep tumor invasion and poor histologic differentiation [@B12], [@B21], [@B22]. However, we couldn\'t evaluate the correlation between clinical features and MSI-H tumor because this study included only 6 MIS-H tumor patients.

MSI-H tumors are hypermutated and express abundant frameshift peptides that serve as neoantigens to elicit a brisk immune response characterized by abundant tumor-infiltrating lymphocytes [@B39]. In studies of adjuvant chemotherapy in stage II or III colon cancer, patients with MSI-H received no benefit from a regimen containing FU, unlike patients whose tumors demonstrate CIN [@B40]-[@B42]. However, the clinical impact of MSI status on treatment response to cetuximab-containing regimens in metastatic CRC has not been confirmed. This analysis showed that the efficacy of cetuximab-containing therapy was not statistically different between MSI-H and MSS tumors. Of course, this finding must be interpreted with caution. Due to inherent bias from a retrospective design with many confounding factors and the rather small sample size found in our study, findings in this study must be interpreted with caution. Further prospective validation of any prognostic or predictive capacity of MSI status should be performed.

Right and left-sided colon cancer is now recognized to have distinct clinical and genomic features. Similarly, MSI-H and MSS tumors are also regarded as two different heterogeneous entities. These heterogeneities must be reflected to stratify patients in order to realize a personalized medicine approach in CRC. In particular, cetuximab is considered an important treatment option in metastatic CRC. Following the discovery that mutations in KRAS are associated with resistance to anti-EGFR treatment, determination of KRAS status is now recommended in mCRC patients before starting anti-EGFR therapies. Despite the application of these selective strategies, less than half of the chosen wild-type KRAS patient population benefits from anti-EGFR treatment.

In the era of personalized medicine, being able to establish preferred treatment strategies based on RC versus LC and/or MSI-H versus MSS tumors may improve treatment outcomes and allow for more effective targeted therapy among CRC patients.
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###### 

Patient characteristics

                                            Rt. Side tumors (n=29)   Lt. side tumors (n=124)                 MSS (%) (n=147)   MSI (%) (n=6)   p-value
  ----------------------------------------- ------------------------ ------------------------- ------------- ----------------- --------------- ---------
  Gender                                                                                                                                       
  Male                                      16 (55.2%)               75 (60.5%)                0.676         89 (60.5)         2 (33.3)        0.223
  Female                                    13 (44.8%)               49 (39.5%)                58 (39.5)     4 (66.7)                          
  Age, years                                                                                                                                   
  ≤ 65                                      19 (65.5%)               93 (75.0%)                0.352         108 (73.5)        4 (66.7)        0.659
  65 \<                                     10 (34.5%)               31 (25.0%)                39 (26.5)     2 (33.3)                          
  ECOG performance status                                                                                                                      
  1                                         29 (100.0%)              124 (100.0%)                            147 (100.0)       6 (100.0)       
  Primary site                              \-                       \-                        \-                                              
  Left sided colon                          \-                       \-                        121 (82.3%)   3 (50.0%)         0.082           
  Right sided colon                         \-                       \-                                      26 (17.7%)        3 (50.0%)       
  No. of metastatic sites                                                                                                                      
  1                                         11 (37.9%)               61 (49.2%)                0.307         70 (47.6)         2 (33.3)        0.685
  1 \<                                      18 (62.1%)               63 (50.8%)                77 (52.4)     4 (66.7)                          
  Treatment line including cetuximab                                                                                                           
  ≤ 2                                       11 (37.9%)               40 (32.3%)                0.662         48 (32.7)         3 (50.0)        0.401
  2 \<                                      18 (62.1%)               94 (67.7%)                99 (67.3)     3 (50.0)                          
  KRAS status                                                                                                                                  
  Wild                                      25 (86.2%)               115 (92.7%)               0.271         134 (91.2)        6 (100.0)       0.664
  Mutant                                    4 (13.8%)                9 (7.3%)                  13 (8.8)      0 (0.0)                           
  BRAF status                                                                                                                                  
  Wild                                      10                       55                        0.023         63 (42.9)         2 (33.3)        0.345
  Mutant                                    4                        3                         6 (4.1)       1 (16.7)                          
  N.E.                                      15                       66                        78 (53.1)     3 (50.0)                          
  Microsatellite instability (MSI) status                                                                    \-                \-              
  MSI-H                                     3 (10.3%)                3 (2.4%)                  0.079         \-                \-              \-
  MSS                                       26 (89.7%)               121 (97.6%)               \-            \-                                

###### 

Chemotherapy regimens including cetuximab.

  Regimen                MSS (n=147)   MSI (n=6)
  ---------------------- ------------- -----------
  FOLFIRI/cetuximab      16 (10.9)     2 (33.3)
  FOLFOX/cetuximab       13 (8.8)      
  XELOX/cetuximab        7 (4.8)       
  XELRI/cetuximab        7 (4.8)       
  Irinotecan/cetuximab   83 (56.5)     3 (50.0)
  Cetuximab              21 (14.3)     1 (16.7)

###### 

Treatment efficacy of regimens containing cetuximab according to microsatellite instability status and location of the primary tumor.

  Response               Overall   MSS (n=147)   MSI (n=6)   p-value   Rt side (N=29)   Lt side (N=124)   p-value
  ---------------------- --------- ------------- ----------- --------- ---------------- ----------------- ---------
  Complete response      0         0             0                     0                0                 
  Partial response       58        56            2                     10               48                
  Stable disease         52        50            2                     6                46                
  Progressive disease    42        40            2                     12               30                
  N.E.                   1         1             0                     1                0                 
  Response rate          37.9 %    38.1 %        33.3 %      0.950     34.5%            38.7%             0.202
  Disease control rate   71.9 %    72.1 %        66.7 %      0.915     55.2%            75.8%             0.020

###### 

Univariable progression-free survival analysis with proportional hazard regression in CRC patients with chemotherapy containing cetuximab.

  Prognostic variable                        Hazard ratio   95%CI         p-value
  ------------------------------------------ -------------- ------------- ---------
  Age (≤65 yr vs. \>65 yr)                   0.980          0.672-1.428   0.915
  Gender (Male vs. Female)                   1.008          0.851-1.193   0.930
  Primary site (Lt. side vs. Rt. side)       1.264          0.825-1.936   0.282
  No. of metastatic site (1 vs. 1\<)         1.205          0.865-1.680   0.270
  KRAS status (Wild vs. Mutant)              1.331          0.751-2.360   0.328
  BRAF status (Wild vs. Mutant) (n=72)       1.029          0.442-2.395   0.947
  Microsatellite instability (MSS vs. MSI)   1.277          0.845-1.931   0.245
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